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The productions of inclusive b-jet and bb¯ dijets in Pb+Pb collisions have been investigated by
considering the heavy quark and the light quark in-medium evolution simultaneously. The initial
hard processes of inclusive b-jet and bb¯ dijets productions are described by a next-to-leading order
(NLO) plus parton shower Monte Carlo (MC) event generator SHERPA which can be well matched
with the experimental data in p+p collisions. The framework combines the Langevin transport
model to describe the evolution of bottom quark also its collisional energy loss and the higher-twist
description to consider the radiative energy loss of both bottom and light quarks. We compare
the theoretical simulation of inclusive jet and inclusive b-jet RAA in Pb+Pb collisions at
√
SNN =
2.76 TeV with the experimental data, and then present the theoretical simulation of the momentum
balance of the bb¯ dijet in Pb+Pb collisions at 5.02 TeV with the recent CMS data for the first time.
A similar trend as that in dijets has been observed in bb¯ dijets, the production-distribution shifted
to smaller xJ due to the jet quenching effect. At last, the prediction of the normalized azimuthal
angle distribution of the bb¯ dijet in Pb+Pb collisions at 5.02 TeV has been reported. The medium
induced energy loss effect of the bb¯ dijets will overall suppress its production, but the near side
(∆φ → 0 region) suffers more energy loss than away side (∆φ → pi region), therefore lead to the
suppression on the near side and the enhancement on the away side in the normalized azimuthal
angle distribution.
PACS numbers: 13.87.-a; 12.38.Mh; 25.75.-q
To probe the properties of the quark-gluon plasma
(QGP) in heavy-ion collisions(HIC), Jet quenching phe-
nomenon, which referred as the modification of energetic
partons propagated though the hot and dense medium,
has long been investigated [1–28]. Among them, the mo-
mentum imbalance of back-to-back jets are the funda-
mental observable. The quenching effect give a net imbal-
ance to the dijets pT distributions that can exceed the im-
balance brought by the QCD correction. This additional
imbalance is due to the energy losses that the two jets suf-
fered when they propagated through the QGP medium
respectively. To insight into the underlying dynamics,
the initial parton flavor dependence of the quenching ef-
fect is important, however it is difficult for the experi-
ment to determine in the dijets events. The pairs of bb¯
jets that are produced back-to-back in azimuth can pro-
vide a golden channel to distinguish the type of parton
initiated the jets.
The productions of a bb¯ pair could be categorized into
three production mechanisms which can be used in un-
derstanding the bb¯ system [29–32]. The flavour creation
(FCR) describes the process that both b-jets originate
from the hard scattering, therefore these jets are sup-
posed to be the hardest in the event and also tend to be
back-to-back in the transverse plane. The gluon split-
ting (GSP) mechanism produces a pair of b-jets which
are expected in the same side. Unlike the previous two
mechanisms, the flavour excitation (FEX) will reduce the
angular separation between the b-jets. The NLO calcu-
lation (eg. Herwig) without further kinetic constraint
predicts that there are large contributions from all three
mechanisms in the investigated pT region [33]. The mea-
surement of nuclear modification factor of inclusive b-jet
RAA and RpA can not distinguish these production mech-
anism and their contributions respectively. But to look
at pairs of b-jets that are constrained back-to-back in az-
imuth (bb¯ dijet) experimentally, one may largely reduce
the contribution from gluon splitting process, and mainly
focus on the FCR process by energetic pT triggers. This
configuration are essential to provide a less ambiguous
observable.
In the recent experimental publication [34], ATLAS
reported the measurements of the bb¯ dijet production in
p+p collisions at LHC which are compared with several
NLO and LO QCD MC simulation. CMS collaboration
also released a measurement of the transverse momen-
tum correlations of bb¯ dijets in both p+p and Pb+Pb
collisions in 2018 [35], it has been demonstrated that the
next-to-leading order effects are essential for the model-
ing of such observable since NLO QCD calculation with
POWHEG give a better description than PYTHIA 6
alone. It is noted that the configurations are slightly
different in these two experimental publications, though
their intention are both to significantly suppress the GSP
contribution.
In our simulation, we choose the most up-to-dated
SHERPA 2.2.4 [36] to provide the p+p baseline and their
event generation of the inclusive b jet and bb¯ dijets. The
tree-level matrix elements are calculated by Amegic [37]
and Comix [38] while one-loop matrix elements are cal-
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FIG. 1: Left: NLO+PS calculation of the b-jet produc-
tion in p+p collisions at
√
sNN = 2.76 TeV provided by
SHERPA(shown in blue vertical line) is compared with CMS
data (shown in red points with error bars) [39]; Right:
NLO+PS calculation of differential cross section for bb¯ dijet
production in p+p collision at
√
sNN = 7 TeV as a function
of the azimuthal angle between the two jets ∆φ calculated by
SHERPA is confronted with ATLAS data [34].
culated by BlackHat [40]. The parton shower (PS) is
implemented based on the Catani-Seymour subtraction
method [41]. The matching of NLO QCD matrix ele-
ments with the parton shower is using the MC@NLO
method [42]. The NNPDF3.0 NNLO PDF sets [43] with
5-flavour have been chosen in our simulation. FAST-
JET [44] with anti-kT algorithm is used for event se-
lection and final state jet reconstruction. The b-jet
is defined as a jet that contains at least one b or b¯
quark inside the jet cone with the jet radius parameter
∆R =
√
(∆φ)2 + (∆η)2, where φ and η are the azimuthal
angle and the rapidity of particles. Corresponding con-
figuration has been set up to be in line with each p+p
measurement in CMS [35] and ATLAS [34].
In the left panel of Fig. 1, we find the NLO pQCD+PS
result can provide a good description of the CMS data
of the b-jet production in p+p collisions at
√
sNN =
2.76 TeV. We also calculate the differential cross section
as a function of the azimuthal angle distribution between
the two jets, find the SHERPA provides a nice descrip-
tion of the ATLAS data shown in the right panel of the
Fig. 1, while it slightly undershoot the experimental data
in the large ∆φ region. We note that there is near side
peak in the small azimuthal angle region which is un-
usual in tagging jets observables. It is mainly due to
the contribution of the GSP process. But if we enhance
the minimum requirement of the b-jet pT to 40 GeV,
the near side peak begins to vanish. Aiming to investi-
gate the in-medium modification of the bb¯ dijet, the p+p
events provided by SHERPA, which proven to be valid in
the above confrontation, have been employed to provide
as input for the in-medium evolution.
The in-medium evolution of the reconstructed jet with
heavy quark tagging requires a simultaneous description
of both heavy quark and light quark evolution and their
energy loss processes. At the moment, the exact mech-
anism of the in-medium interaction between the heavy
quarks and the QCD medium is still an open question
which has been extensively investigated in both pertur-
bative and non perturbative approaches [45]. Langevin
and Boltzmann transport models cooperated with the
evolution profile of the bulk medium are been employed
for the heavy quark [41, 46–54]. In our simulation,
Langevin transport equations are employed to describe
the propagating of the heavy quark in the hot and dense
medium [55],
~x(t+ ∆t) = ~x(t) +
~p(t)
E
∆t (1)
~p(t+ ∆t) = ~p(t)− Γ~p∆t+ ~ξ(t)− ~pg (2)
where ∆t is the time step of the simulation, Γ is the
drag coefficient which controls the strength of the elastic
energy loss, ~ξ(t) is the stochastic term representing the
effect of the random kicks by the light quarks or gluon in
such thermal medium. The classic fluctuation-dissipation
relation [56] has been considered between the drag coef-
ficient Γ and diffusion coefficient κ:
κ = 2ΓET (3)
where κ = 2T 2/Ds, Ds is the spatial diffusion coefficient
which has been calculated in Lattice QCD with a range of
value 2piTDs ∼ 3.7−7.0 [45, 57]. The four-momentum of
the b quark is thus updated accordingly in the local rest
frame been boosted to every time step. The inclusion of
the last term ~pg is to take into account the momentum
modification induced by the gluon radiation based on the
Higher-Twist scheme [58–61].
dN
dxdk2⊥dt
=
2αsCsP (x)qˆ
pik4⊥
sin2(
t− ti
2τf
)(
k2⊥
k2⊥ + x2M2
)4
(4)
is the radiative gluon spectrum, where x and k⊥ are
the energy fraction and transverse momentum of the
radiated gluon, M is mass of parent parton. In addi-
tion, Cs is the quadratic Casimir in color representa-
tion, and P (x) is the splitting function in vacuum [62],
τf = 2Ex(1 − x)/(k2⊥ + x2M2) is the gluon formation
time. qˆ is the jet transport parameter proportional to
the local parton density in medium when the jet probed.
The space and time evolution of the medium will alter the
value of qˆ relative to its initial value qˆ0 in the most cen-
ter of the overlap region at the initial time when QGP
formed. Therefore, qˆ0 is the parameter controling the
strength of the bremsstrahlung jet-medium interaction.
Meanwhile, the product of the four momentum of the jet
and the four velocity of the medium along the jet prop-
agation path in the collision frame are also included.
For the determination of the gluon radiation, we first
determine whether the radiation happens or not, using
the probability expressed as:
Prad(t,∆t) = 1− e−〈N(t,∆t)〉 (5)
3If radiation occurs, the number of radiated gluon then
would be sampled by a Possion distribution. Finally, the
x and k⊥ could be sampled according to the radiative
gluon spectrum in Eq.(4).
Note that each parton propagates in the expanding
medium until the temperature of the local medium is
under Tc = 165 MeV. The smooth iEBE-VISHNU hydro
model [63] has been used for the medium evolution. In
our simulation, qˆ0 = 1.2 GeV
2/fm is directly taken from
the qˆ0 extraction of the identified hadron suppression in
Pb+Pb collisions at 2.76 TeV using the same evolved
QGP medium description [64].
Employing the p+p events provided by NLO+PS event
generator SHERPA as input, we study the medium mod-
ification of the bb¯ dijets productions in Pb+Pb collisions
at the LHC, using the above evolution framework which
implements Langevin transport to describe heavy quark
evolution and the higher twist approach to give the ra-
diative energy loss of both heavy and light quark. In our
treatment, jet reconstruction as well as the jet selection is
performed through FASTJET [44] on the final state par-
tons which include produced partons, jet shower, radi-
ated gluon after in-medium evolution. To test the frame-
work and also to get an idea about its performance, we
first calculated the nuclear modification factor with re-
spect to the leading jet pT of both inclusive jets and
b-jets at the LHC
√
s = 2.76 TeV to compare with the
experimental data [39, 65]. We find, within the spatial
diffusion factor Ds extracted from Lattice which satisfied
2piTDs = 4.0 and jet transport parameter extracted from
hadron suppression study which is qˆ0 = 1.2 GeV
2/fm,
our simultaneous simulation for both inclusive jet and b-
jet RAA can describe the CMS data fairly well within the
margin of error, only the simulation for b-jet RAA slightly
overestimates the CMS data shown in Fig. 2. The estab-
lishment of such evolution framework provide a possible
tool and baseline to implement different heavy quark evo-
lution and jet quenching models. In the chosen parame-
ters, our prediction indicate that, at lower pT region, the
heavy quark observed to suffer less energy loss, but the
mass effect of the jet quenching tend to disappear when
it comes to the higher pT region where RAA of the b-jets
coincide with the inclusive jets. It is noted that the nu-
clear modification factor of b-jets has been calculated in
Ref. [27, 28].
The momentum balance of the bb¯ dijets defined as
the ratio of the subleading jet to leading jet pT , xJ =
pT,2/pT,1. We demonstrate the calculated results of the
normalised distributions of xJ in p+p and Pb+Pb colli-
sions for bb¯ dijets and their comparison with experimental
data. The same as the selection of the CMS experiment,
we set the minimum pT of the leading and the subleading
jets to be 100 GeV and 40 GeV respectively. Further, the
selection of |∆φ| > 2pi/3 has also been applied to require
the jets are back-to-back in azimuthal opening angle both
in p+p and A+A. A smearing treatment suggested by
CMS has been performed to confront the experimental
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FIG. 2: RAA of the inclusive jets and the b-jets as functions
of pT are theoretically simulated in the same framework are
compared with the CMS data [65] [39] respectively.
data shown in Fig. 3. Noted that the p+p reference in
experiment is obtained from each jet pT data smeared by
resolution parametrization at given centrality, we find our
results are consistent with both p+p and Pb+Pb experi-
mental measurement at 5.02 TeV. The energy loss effect
will suppress the distribution at larger xJ and enhance it
at lower xJ, therefore lead to the lower shift of the overall
xJ distribution. We note that the shift of the A+A xJ
distribution relative to p+p reference is quite visible in
central collisions shown in the left plots. Much smaller
shift is observed at 10 − 30% Pb+Pb collision shown in
the bottom panel of the Fig. 3, suggesting smaller en-
ergy loss suffered in collisions at larger centrality which
is consistence with the case in dijets [35].
To further demonstrate the centrality dependence of
the jet quenching effect on momentum balance of the bb¯
dijets, we calculate the averaged xJ values as a function of
the number of participants estimated from Monte Carlo
Glauber Model in Pb+Pb and the smeared p+p refer-
ence. The comparison of the calculation in systems with
different centralities and the corresponding CMS data of
both inclusive dijet and bb¯ dijets are shown in Fig. 4. A
good agreement between the theoretical calculation and
experimental data is observed. We find both in inclu-
sive dijet and bb¯ dijets productions, the imbalance in-
creases with the increasing centrality, even the averaged
xJ of the p+p reference shift to smaller value with the
increasing centrality which is due to the resolution ef-
fects introduced by the experiment. More importantly,
the averaged xJ value shift due to the jet quenching ef-
fect is much visible in central collision, but we find in
the bottom panel the imbalance of bb¯ dijets in larger cen-
trality such as 30− 100% Pb+Pb collision is compatible
with their p+p reference which is unlike the case in dijets
demonstrated in the upper panel, indicating a smaller
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FIG. 3: Upper: Calculated normalized xJ distribution of bb¯
dijets in p+p and 0 − 10% Pb+Pb collisions at 5.02 TeV
compared with the smeared p+p baseline and experimental
data in A+A collisions. Bottom: Calculated normalized xJ
distribution of bb¯ dijets in p+p and 10−30% Pb+Pb collisions
at 5.02 TeV compared with the smeared p+p baseline and
experimental data in A+A collisions.
energy loss of bb¯ dijets than inclusive dijets in smaller
centrality system.
Since the three production mechanisms can be experi-
mentally separated by three event categories in azimuthal
angle plane. It is essential to investigate the azimuthal
angle distribution of the bb¯ productions in p+p collisions
and its modification in A+A collisions. we find its struc-
ture is quite sensitive to the jet event selection. When
ATLAS define the dijet system as the minimum trans-
verse momentum of the two highest-pT b-jets in an event
should be pT > 20 GeV and also |η| < 2.5 GeV, requir-
ing their distance will be at least ∆R = 0.4 and the pT
of the trigger jet should be larger than 270 GeV [34],
our simulation on the productions for bb¯ dijets normal-
ized by the number of events in p+p collision provided
by SHERPA can describe the experimental data quite
well (as seen in the right panel of Fig. 1). Especially at
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FIG. 4: Upper: Averaged xJ in inclusive dijet production as
a function of number of participant calculated in p+p and
Pb+Pb collisions at different centralities compared with ex-
perimental p+p references and A+A data respectively; Bot-
tom: Averaged xJ in bb¯ dijet production as a function of num-
ber of participant calculated in p+p and Pb+Pb collisions at
different centralities compared with experimental p+p refer-
ences and A+A data respectively.
the near side peak (∆φ → 0) which dominated by the
gluon splitting process. Similar as the case in inclusive
dijets, the angular correlation of bb¯ dijet would also be
modified by the hot and dense medium. We present the
prediction of the medium modification for angular corre-
lation of bb¯ dijets in Pb+Pb collision at
√
s = 5.02 TeV
with centrality of 0 − 10% using CMS configuration in
the upper panel of Fig. 5, we find the near side peak dis-
appear even in p+p collision comparing to the ATLAS
measurement mentioned above, the energy loss effect will
suppress the small ∆φ distribution and enhance the dis-
tribution at large ∆φ. But if we implement the configu-
ration of ATLAS in Pb+Pb collisions at 5.02 TeV, set the
minimum transverse momentum of the two highest-pT b-
jets in an event should be pT > 15 GeV and the leading
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FIG. 5: Upper: the productions for bb¯ dijets normalized by
the number of events as a fucntion of ∆φ in p+p and Pb+Pb
collisions at 5.02 TeV using the CMS configuration [35] com-
paring with the p+p data, Bottom: the productions for bb¯
dijets normalized by the number of events as a fucntion of
∆φ in Pb+Pb collisions at 5.02 TeV using a lower minimum
cut on the b jet pT = 15 GeV.
jet pT > 100 GeV in the bottom panel of Fig. 5. We find
the energy loss effect to the bb¯ dijets production would
suppress and broaden the near side (small ∆φ) peak, also
enhance and sharp the away side (near ∆φ = pi ) peak.
But however, an overall suppression is found, it means,
in the small angle region, it suffers a stronger suppression
relative to the large angle region.
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